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Abstract

MEMORIS (MErcury Moderate Resolution Imaging System) is a wide angle camera (WAC) concept for the ESA mission

BepiColombo. The main scientific objectives consist of observing the whole surface of Mercury in the spectral range of 400–1000

nm, with a spatial resolution of 50 m per pixel at peri-Herm (400 km) and 190 m at apo-Herm (1500 km). It will obtain a map of

Mercury in stereo mode allowing the determination of a digital elevation model with a panchromatic filter through two different

channels. The camera will also perform multispectral imaging of the surface with a set of 8–12 different broad band filters. A third

channel dedicated to limb observations will provide images of the atmosphere. MEMORIS will thus monitor the surface and the

atmosphere during the entire mission, providing a unique opportunity to study the relationship between surface regions and the

atmosphere, as suggested by ground-based observations and theory.
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1. Introduction

Mercury is the nearest planet to the Sun and it plays

an important role in constraining and testing all theories

of planet formation. The American probe Mariner 10
has been the only probe to return data from Mercury. In

1974–1975 it provided images of somewhat less than half

of the planet�s surface at low resolution, with pixel scales

of between 100 m and 4 km. While Mariner provided

intriguing discovery-mode data, many fundamental

questions remain unresolved.

In the last few years NASA approved the new Dis-

covery mission Messenger to be launched on 2005
reaching Mercury almost 5 years later. Then ESA added

the mission BepiColombo to its program as cornerstone

n. 5. It will be launched in 2012 arriving at Mercury after

3.5 years. It will consist of a planetary module (MPO)

devoted to remote-sensing and radio-science, and a

magnetospheric module (MMO) to be realized by the

Japanese space agency. In this context we started to

work on a wide angle camera (WAC) concept in order to
satisfy some of the key scientific questions on the ex-

ploration of Mercury.
2. Scientific objectives

We have identified several scientific objectives that

define MEMORIS (MErcury Moderate Resolution
Imaging System) core requirement to be a camera pro-

viding stereo images and a multispectral view of the

entire surface at a resolution between 50 and 200 m.

2.1. Impact craters

The dominant features on Mercury are impact craters

in various state of preservation and size. Craters are
generally classified according to the degree of degrada-

tion of morphological components such as rays, sec-

ondary craters, various ejecta facies, rim sharpness and

the state of interior terraces.

Small craters are bowl-shaped but with increasing

size they develop central peaks, terraces and ejecta de-

posits with hummocky radial facies and swarms of sec-

ondary impact craters. The freshest craters have well-
developed and extensive ray systems that can extend

hundreds of kilometers, some more than 1000 km. The

dominant degradation process is apparently erosion and

ballistic sedimentation by meteoritic bombardment. The

widths of the ejecta blankets of the Mercurian craters

are smaller by a factor of about 0.65 than those of the

Moon (Gault et al., 1975). This has been interpreted as

due to the greater acceleration due to gravity on Mer-
cury which reduces the ballistic range of ejecta.

The old highlands (estimated age 4–4.2 Gyr) on

Mercury show a lack of craters <50 km diameter com-
pared with the Moon (Strom and Neukum, 1988) at the

Mariner 10 resolution. This could be explained by crater

obliteration by emplacement of new plains units. The

largest impact crater structure viewed by Mariner 10 is

the Caloris basin, about 1300 km in diameter, which is

very similar to the Orientale and Imbrium basins of the
Moon. The floor of the Caloris basin is characterized by

smooth plains that are extensively ridged and fractured.

This type of floor structure is unique and it has not been

observed in any other basin on Mercury, Mars or the

Moon.

The low resolution and limited observation of Mar-

iner 10 do not allow an accurate age determination of

different geological units based on crater statistics. The
spatial resolution of MEMORIS will allow a global

mapping of craters larger than a few hundred meters

and thus an accurate estimation of the age of the dif-

ferent Mercurian terrains even for very recent units.

MEMORIS� stereo imaging is also a helpful tool in

reconstructing and measuring the crater topography

with high detail and it will provide information on the

depth/diameter relationship and the level of filling of
craters by degradation and volcanic activity.

2.2. Stratigraphy and geological history

Four major geological units have been recognized on

Mercury (Trask and Guest, 1975): heavily cratered ter-

rains, intercrater plains, hilly and lineated terrains, and

smooth plains.
Highly cratered terrain is the oldest geological unit on

Mercury. A high density of impact craters characterizes

this unit which has been recognised on the Moon and

Mars as well. However, the Mercurian highly cratered

terrain has a smaller extent compared with the one of

the Moon. This may be the result of extensive intercrater

plains formation that has buried the older terrains. This

may suggest that Mercury has undergone an early re-
surfacing which was more intense than that of the

Moon.

The intercrater plains are the most widespread units

on Mercury (Trask and Guest, 1975) and consist of level

to gently rolling plains with a high density of superposed

craters. The crater density and the stratigraphic corre-

lations indicate that the intercrater plains are older than

the smooth plains.
The hilly and lineated terrain consists of hills and

linear depressions which disrupt pre-existing landforms.

This terrain forms a slightly elongated area which is

directly antipodal to the Caloris basin. Similar terrains

found on the Moon have been interpreted as the result

of focused seismic waves caused by large basin-forming

impacts (Schultz and Gault, 1975).

The smooth plains are among the youngest surface
units and consist of level surfaces sparsely cratered.

They occupied about 15% of the surface viewed by
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Mariner 10 flybys. Analogous to the lunar maria, the

smooth plains may have been formed over an extended

period of time. The smooth plains generally display

several ridges (wrinkle ridges). They show a uniform

composition probably low in titanium.

To make progress on these issues, it is very important
to analyze and map the lateral and vertical contact

among the geological units in order to establish the se-

quence of events that formed and deformed Mercury�s
crust. For this objective the stereo imaging will be a very

important way to reconstruct the smaller topographic

variations between the terrain contacts and thus to es-

tablish the relative age relationships.

2.3. Identification and interpretation of volcanic edifices

and related deposits

The sizes and morphologies of volcanoes on the sili-

cate-dominated planets vary very widely. Compositions

of primary mantle melts are likely to be broadly similar

on all such bodies, and so the main controls are differ-

ences in tectonic regimes, lithospheric densities, and
lithospheric thicknesses. On the Moon the large density

contrast between the crust and mantle led to mantle

melts reaching a neutral buoyancy level deep within the

crust (Head and Wilson, 1992). They could only reach

the surface to erupt after large volumes accumulated

and become overpressured by connections to deep melt

zones. Their great vertical extents led to feeder dikes

being wide, and eruption rates being high, forming lava
flows up to 300 km long with virtually no evidence of

shallow sources (Head and Wilson, 1991). On Earth,

Mars, Venus and Io, smaller crust-mantle density con-

trasts allow magma reservoirs to form much closer to

the surface at depths, and with sizes, that scale inversely

with the gravity (Wilson and Head, 1994). Shield vol-

canoes of various sizes and aspect ratios are common,

many with collapse calderas at the summit. On Earth in
the Archaean, and on Venus and Mars more recently,

episodically vigorous mantle plume heads fed magma

directly to the surface to form giant dike swarms (Ernst

et al., 1995; Wilson et al., 2001; Scott et al., 2002; Wilson

and Head, 2002). Finally, the lengths of lava flows (and

consequently the radii of volcanoes) mainly reflect lava

volume eruption rates dictated by magma reservoir sizes

and depths, whereas thicknesses of flows are a better
index of the rheology, and hence composition, of the

lava (Pinkerton and Wilson, 1994). Our understanding

of the sizes and morphologies of volcanic features on the

Earth, the Moon, Mars, Venus and lo shows that what

we might find on Mercury (Milkovich et al., 2002) de-

pends critically on the variation with geological epoch of

(a) the depths at which mantle melts were neutrally

buoyant in the lithosphere, (b) the state of stress in the
lithosphere, and (c) the volumes and production rates of

mantle melts. Stereoscopic imaging at any spatial scale
smaller than several km would be a major help in find-

ing, and understanding the significance of, volcanic

features on Mercury.

2.4. Tectonics

The main problem in outlining a tectonic model of

Mercury is the complete ignorance of 60% of the planet.

However, Mercury displays unique compressive tecton-

ics that is characterized by the widespread distribution of

large lobate scarps. These scarps are steep escarpments

with a lobate shape on a scale of a few tens of kilometers

(Strom et al., 1975) and reach lengths of several hundred

kilometers. The height can be of about 1 km or more.
They are found on basically all types of terrains.

A global pattern of linear fractures, probably related

to the Caloris impact, has been observed (Thomas et al.,

1988). The fracture systems displace the compressional

features in places.

A global mapping of the tectonic structures at the

MEMORIS resolution will allow the reconstruction of

the crust dynamics which is not well understood yet, and
it will help to determine the relative age among the

structures based on cross-cutting relationships. The

digital elevation models (DEM) and stereo imaging

permit visualization of topography that can provide a

rapid and effective way to infer the attitude and kine-

matic activity of the tectonic structures through surface

deformation evidences. The analysis of multi-spectral

data, coupled with stereoscopic observations and inter-
pretation of DEM-derived products will allow the study

of the relationships between stratigraphic units and

structural features in order to reconstruct comprehen-

sive geological maps. The stereo imaging would be of

paramount importance to resolve the geometric attitude

of tectonic structures at depth and to find out the as-

sociated displacement.

2.5. Surface composition

Data on the surface composition of Mercury are very

limited. Spectral data show a continuous increase in

reflectance with increasing wavelength from the visible

to the infrared; this characteristic has been observed for

the lunar highlands as well. Unlike the Moon, high al-

bedo features such as the ray systems related to impact
craters are blue relative to average, whereas low albedo

features are mostly red (Hapke et al., 1975). Reflectance

spectra of Mercury have been compared with lunar

samples by Blewett et al. (1997) suggesting a lower

content of Ti, Fe 3+ and metallic Fe of the Mercurian

surface relative to the Moon. Recent work of Robinson

and Lucey (1997) on the recalibration of the Mariner 10

color images shows a slightly different color of the plains
than the ancient craters, which may indicate a different

rock composition, more likely of volcanic origin.
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Multispectral imaging from MEMORIS will provide

global mineralogical mapping of the main geological

units and the identification of weathering products, such

as the oxides and sulfur compounds that are the most

likely product of surface weathering due to solar pho-

tons and cosmic rays.

2.6. Exosphere

A further scientific objective of MEMORIS will be

the observation of the exosphere, accomplished by

looking at the limb. All of the known atomic species

were discovered by measuring emission of some, but not

all, strong resonance lines in the ultraviolet and visible
wavelengths. The main species are sodium and potas-

sium, with their strongest emissions at 589 and 769.9

nm, respectively.

The pressure of the known exosphere is about 10�12

bar and the atoms do not collide with one another, but

only with the surface. Modeling has shown that Mer-

cury�s exosphere has multiple speed distributions with

some and perhaps all species having multiple speed
components that result from several source, release, and

recycling mechanisms. Multiple surface-coupling pro-

cesses are at work either to provide new atoms to the

exosphere from meteoritic, surface and sub-surface ma-

terials, or to provide atoms that have been adsorbed

onto the surface and are being released into the exo-

sphere for the second time or more. There are strong

difficulties in observing and monitoring Mercury using
ground-based telescopes, due to its proximity to the Sun

and to the severe ‘‘seeing’’ problems at low elevation

angles, and most of the unknown processes may be un-

derstood from a spacecraft orbiting around the planet.

MEMORIS will observe at few tens of km, to explore

the fundamental nature of ‘‘surface-boundary-exo-

sphere’’: the nature of Mercury�s interactions with its

environment, the interplanetary medium, and the exo-
sphere above them. Such linkages, e.g., some regions

with higher percentage of sodium and potassium, would

provide important information on its spatial variation

of regolith composition.
3. Instrument concept

The guidelines driving the instrument concept take

into account the main scientific objectives, the difficult

Hermean environment, and the poor resources allocated

to the payload in terms of power and mass budgets, 5 W

and 4 kg for the WAC not including the DPU.

The spectral range is restricted to the visible (400–

1000 nm), and most of the scientific drivers ask for

stereo images, in order to obtain DEMs, that can be
satisfied using, at least two channels looking at the

surface from two different angles. These considerations
suggested adopting a refractive optical solution in order

to reduce the optical bench size and the mass of the

entire camera.

The orientation of the camera is along the track of

the satellite. The rays from the surface of the planet are

directed towards the camera aperture through three
dichroics, which reflect the visible radiation and trans-

mit the infrared. In that way we succeed to (1) dra-

matically reduce the infrared flux on the camera and (2)

reduce the field of view of the camera, since we map a

field of 60�, which includes the two surface channels and

the limb channel, into a field of only 5�. The camera, a

standard Petzval, has a corrected field of 5�, the entrance
pupil is 10 mm and the configuration is relatively fast
(F =5:6; see Fig. 1).

The exospheric channel suffers from a limitation

arising from the need of avoiding direct illumination by

the Sun. Since the angle between the direction of the

limb channel and the nadir is fixed, as the payload ap-

proaches one of the poles of Mercury, when the planet is

near the apo-Herm, the direction of the third channel

approaches the direction of the semimajor axis of the
orbit of Mercury, leading to the risk of direct illumi-

nation of MEMORIS. Our preliminary calculations give

a limiting angle of about 39� for the inclination of the

channel, allowing us to look at the limb only on a spe-

cific range of latitudes.

This channel will be switched off when it looks at the

surface and it will have also the interference filters cen-

tered on the continuum adjacent to the Sodium and
Potassium emissions to be used to correct for the scat-

tered light.

The scientific objectives are based on the observation

of a planetary surface that is not a fast-changing scene,

as will occur for a comet and the Rosetta mission, and

they do not need area snapshots, allowing us to use a

line scan (push-broom technique) strategy. In so doing

we avoid using a mechanical shutter, having only win-
dowing and electronic shutters within the performances

of the detector electronics. These characteristics are well

satisfied by using the active pixel sensor (APS) as de-

tector, that is also more resistent to radiation and strong

thermal gradients. The camera may have a front cover

providing a safety of the instrument for the occasional

case of a direct Sun illumination.

We are currently seeking the best way to attach the
filters to the detector in order to avoid using a filter

wheel.

3.1. Multispectral imaging

MEMORIS spectral properties are designed to pro-

vide the VIS–NIR reflectance characteristics of the

complete Mercurian surface at medium-low spatial res-
olution, combined with a moderate spectral resolution.

The goal of the multispectral imaging is to collect



Fig. 1. Optical design of MEMORIS, including two channels at about ±20� from the nadir direction for the stereo imaging of the surface, and the

exospheric channel looking at the limb.
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information about the wide-scale distribution of ab-

sorption patterns that can be indicative of the presence
of specific minerals.

Payload limitations imply a limited number of spec-

tral channels and we are thinking of 8 or possibly 12

bands within a spectral interval between 400 and 1000

nm, possibly up to 1200 nm.

We performed some simulations using a constant

channel width of 40 nm at 50% response. Channel center

positions changed for the different combinations of
number of channels in three different spectral ranges

(Table 1). A limited number of minerals and rocks

containing elements and molecules that can be candidate

components of the Mercurian regolith and crust were

selected following information from the literature, with

particular regard to those minerals containing Fe2þ,
Fe3þ, and sulfur.

Fig. 2 shows an example of selected results of the
simulations for the various minerals and rocks chosen

for this preliminary study. Band centers are located for

the best recognition of Fe2þ and Fe3þ absorption fea-
Table 1

Channel centers for three different configurations

Channel Channel center (nm)

8 ch. 10 ch. 12 ch.

1 500 420 500

2 590 550 550

3 670 580 580

4 730 610 610

5 780 650 650

6 850 740 740

7 910 780 780

8 950 850 850

9 910 910

10 950 950

11 1020

12 1100

Channel widths are 40 nm.
tures in the 450–1000 nm range, which are characteristic

of amphiboles and minerals of the orthopyroxene group.
Although important absorptions are detectable even

with an 8 channel configuration, extension to 400 nm

allows the recognition of sulfur, and extension to 1150

nm allows the identification of the Fe2þ absorption

feature at 1100 nm, due to iron in minerals of the clin-

opyroxene and olivine groups.
3.2. Stereo imaging

Designing a wide-angle camera providing stereo im-

ages has its constraints in the photogrammetric task and

the desired DEM accuracy. Accuracy of photogram-
metrically determined coordinates depends on image

scale, accuracy of image measurement and imaging ge-

ometry. Based on the currently available orbit and

camera parameters (camera_object distance between 400

and 1500 km, focal length 56 mm), the image scale varies

between about 1:700000 and 1:2700000. Image acquisi-

tion should be restricted to the orbit arc closer to the

planet surface, for instance the maximum distance could
be about 860 km over the poles, but it will depend from

the data volume and the telemetry, and the surface

coverage as a function of the phase angle.

Imaging geometry is stereo, along the orbit, and the

distance from two images depicting the same ground

point increases with latitude, therefore the accuracy

figures are better along the equator.

Larger values of the field angle provide a better ac-
curacy in elevation, larger perspective differences

(making it more difficult to find corresponding points)

and a larger baseline, improving accuracy in elevation

and slightly decreasing accuracy in longitude and lati-

tude. To get realistic values, a simulation of the

achievable accuracy has been performed using the orbit

data from a simulator. Only approximately 1/4 of a full

orbit (from the equator to the north pole) has been
processed, disregarding for the time being any reference
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to Sun position (illumination) and Earth position (data

transmission). In addition, no image orientation errors
nor residual image distortion have been accounted for.

The simulation has been performed from 4� to 79�
latitude North with field angles of 19�, 20� and 21�. The
results show that the accuracy in elevation gets poor

(higher than 100 m) from 34� (field angle 19�) or from

44� (field angle 21�).
More realistic simulations will be performed based on

the true image acquisition schedule to find out whether
there are problem areas. As far as finding out the opti-

mum field angle for the two-line camera is concerned,

this cannot be achieved without a realistic simulator of

the actual imaging conditions on Mercury. This should

entail a description of the reflectance properties of the

surface, the sensor response, the illumination condition

and the viewing geometry.
4. Conclusion

This work describe a concept for a WAC for the

planetary module of the BepiColombo mission. The

main goals are not restricted to obtain medium resolu-

tion images of the entire Mercury�s surface, but con-

sidering also stereo and multispectral capabilities that
will satisfy several scientific objectives, as it will provide

also the DEM.
In addition we are planning to have a third channel

dedicated to look at the limb in order to monitor the
exosphere. It will represent the unique chance for Bep-

iColombo to study the ‘‘surface-boundary-exosphere’’,

observing the emissions of the two most important ele-

ments, sodium and potassium.
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